Because rna-protein interactions have a central role in a wide array of biological processes, methods that enable a quantitative assessment of these interactions in a high-throughput manner are in great demand. recently, we developed the high-throughput sequencing-rna affinity profiling (Hits-rap) assay that couples sequencing on an Illumina GaIIx genome analyzer with the quantitative assessment of protein-rna interactions. this assay is able to analyze interactions between one or possibly several proteins with millions of different rnas in a single experiment. We have successfully used Hits-rap to analyze interactions of the eGFp and negative elongation factor subunit e (nelF-e) proteins with their corresponding canonical and mutant rna aptamers. Here we provide a detailed protocol for Hits-rap that can be completed in about a month (8 d hands-on time). this includes the preparation and testing of recombinant proteins and Dna templates, clustering Dna templates on a flowcell, Hits and protein binding with a GaIIx instrument, and finally data analysis. We also highlight aspects of Hits-rap that can be further improved and points of comparison between Hits-rap and two other recently developed methods, quantitative analysis of rna on a massively parallel array (rna-Map) and rna Bind-n-seq (rBns), for quantitative analysis of rna-protein interactions. Overview of the procedure Inspired by the seminal HiTS-FLIP method 13 , we developed HiTS-RAP to enable an unbiased, high-throughput and quantitative analysis of RNA-RBP interactions using the GAIIx sequencer 14 . HiTS-RAP is able to quantitatively measure the affinity of millions of RNA-protein interactions in a single experiment. We used HiTS-RAP to measure binding affinities of EGFP and NELF-E to their respective, selected RNA aptamers. Furthermore, we determined the affinities of over a thousand point mutants of these aptamers, thus providing structural insights into each aptamer's interaction with the corresponding protein target.
IntroDuctIon
RNAs act primarily as messengers that transmit genetic information from DNA to proteins. However, they also execute other cellular and organismal functions including structural, catalytic and regulatory roles. Noncoding RNAs have fundamental roles in the structure and catalytic activity of ribosomes and RNA processing machinery along with processes such as chromatin structure and modification, transcriptional regulation, and mRNA translation and stability control 1 . Although some noncoding RNAs can function on their own (e.g., self-splicing RNA and ribozymes 2, 3 ), most of them associate with protein(s) and form ribonucleoprotein complexes (e.g., ribosome and spliceosome complexes 4 ). In addition, protein-coding RNAs interact with proteins that modulate the RNA's splicing efficiency, stability, cellular localization and translation efficiency. These RNA-protein complexes act not only on the interacting RNA but also on other biological molecules including proteins (e.g., ribosomes), DNA (e.g., RNA-induced transcriptional silencing (RITS) complex) and other RNAs (e.g., spliceosome and RNAinduced silencing complex) 1 . In HeLa and HEK293 human cells, as many as 860 proteins were found to associate with polyA-tailed RNA 5, 6 . Given that not every RNA or RNA-binding protein (RBP) is expressed in any single cell type under a given condition, and that a single RBP can associate with thousands of RNAs, the total number of potential RNA-RBP interactions in a multicellular organism could be in the millions.
HiTS technologies have led to a paradigm shift in how we sequence genomes, identify genomic mutations, detect pathogens and analyze gene expression profiles. Similarly, analysis of how nucleic acids interact with other biomolecules such as proteins has changed markedly. For example, ChIP-seq is heavily used for the identification of DNA regions that are bound by a specific transcription factor or other DNA-binding proteins 7 .
Similarly, RNA immunoprecipitation-sequencing (RIP-seq), cross-linking immunoprecipitation (CLIP) and photoactivatable ribonucleoside-enhanced CLIP have grown popular in recent years for the discovery of RNAs that associate with an RBP of interest 8 . Systematic evolution of ligands by exponential enrichment (SELEX) methods that use genomic or random libraries have also been used to identify high-affinity RNA targets of RBPs 9, 10 . Although the aforementioned methods are capable of identifying potential RNA-RBP interactions and the underlying sequence motifs, these methods are not ideal for quantitative characterizations of these interactions in a highthroughput manner. In addition, these methods are dependent on antibodies, unable to discriminate between direct versus indirect interactions and/or potentially biased (because of differences in cross-linking efficiency and RNA abundance).
Truly high-throughput, quantitative assays for measuring protein-nucleic acid affinities were, until recently, limited to DNA. Microarrays have been used successfully to study interactions of a protein with a large number of double-stranded DNAs (dsDNAs) 11 and single-stranded DNA aptamers 12 (44, 000 and 15,000, respectively) in a quantitative manner. However, these techniques are costly, possibly require a custom microarray for each target protein and/or experiment, and are limited to DNA because RNA microarrays are not commercially available. An extremely high-throughput, quantitative method called HiTS-fluorescent ligand interaction profiling (HiTS-FLIP) was recently developed by Christopher Burge and colleagues for the analysis of DNA-protein interactions 13 . By using the GAIIx instrument, HiTS-FLIP allows high-throughput sequencing of DNA templates and sequential protein binding at multiple concentrations to measure binding affinity of a target protein to all sequences present on the flowcell.
Quantitative assessment of RNA-protein interactions with high-throughput sequencing-RNA affinity profiling
Overview of the procedure Inspired by the seminal HiTS-FLIP method 13 , we developed HiTS-RAP to enable an unbiased, high-throughput and quantitative analysis of RNA-RBP interactions using the GAIIx sequencer 14 . HiTS-RAP is able to quantitatively measure the affinity of millions of RNA-protein interactions in a single experiment. We used HiTS-RAP to measure binding affinities of EGFP and NELF-E to their respective, selected RNA aptamers. Furthermore, we determined the affinities of over a thousand point mutants of these aptamers, thus providing structural insights into each aptamer's interaction with the corresponding protein target.
Here we present a detailed protocol for HiTS-RAP that uses a biochemical technique for stably linking RNA transcripts to their DNA templates (Fig. 1) . First, the DNA template encoding RNA aptamers of interest is subjected to a multistep PCR process in order to add sequencing adapters along with transcriptional initiation and halting sequences. The resulting aptamer library, which includes mutant versions of the original aptamer, is then used to generate DNA clusters on a GAIIx flowcell using the Illumina cBot instrument. After standard Illumina sequencing, the newly synthesized DNA strand that is generated during sequencing is stripped away and a clean dsDNA template is regenerated using the Klenow enzyme. This is necessary to generate a fulllength template strand that contains binding sites for transcription and transcription halting, and it is free of any artifacts introduced during sequencing. Next, the Escherichia coli replication terminator protein Tus is bound to the dsDNA template at a Ter consensus element (5′-AATTAGTATGTTGTAACTAAAGTCAC GTCATG-3′ derived from sites of DNA replication termination in E. coli genome 15 ). Transcription is then carried out with T7 RNA polymerase (RNAP), which halts when it encounters Tus. Washing away the transcription reaction then leaves a single, stably halted transcript linked to each DNA molecule. Next, increasing concentrations of the protein of interest fused with the mOrange fluorescent protein are equilibrated in the flowcell and imaged by GAIIx. All of these steps are carried out automatically by the GAIIx instrument programmed with a modified .xml recipe (Supplementary Software 1) . The standard Illumina software is used to obtain the RNA sequence and to collect protein-binding data, which are extracted from the run's output using a set of software included with this manuscript (Supplementary Software 2-4) . Protein-binding data are then analyzed, also using software provided here (Supplementary Software 5), to solve the K d of the interaction between the RNAs sequenced and the protein of interest.
Similarly to HiTS-FLIP 13 , HiTS-RAP makes use of an unmodified Illumina GAIIx equipped with a paired-end module (PEM). At its core, the GAIIx is both an automated microfluidic device, 
Advantages and limitations of HiTS-RAP
A major advantage of HiTS-RAP is that it uses an unmodified GAIIx sequencer, and it is fully automated so that the GAIIx instrument programmed with a single user-modified .xml recipe performs every step of HiTS-RAP sequentially (Supplementary Software 1). This requires minimal user input once the instrument is set up, and anyone familiar with operating the GAIIx sequencer should be able to carry out the HiTS-RAP protocol as described below. Analysis of sequencing and protein-binding data can be done with standard Illumina software and the custom software provided (Supplementary Software 2-5).
HiTS-RAP can measure as many as several million binding affinities of RNAs for a given target protein. Another advantage of the HiTS-RAP technique is that it can easily be adapted to molecules other than proteins. This is achievable if the biomolecule in question can be labeled with fluorescent dyes that are similar to mOrange fluorescent protein (excitation wavelength: 548 nm and emission wavelength: 562 nm (ref. 17) ) and thus compatible with Illumina GAIIx optics.
HiTS-RAP makes use of reagents that are widely available, easily prepared and highly efficient. T7 RNAP is used for transcription because it is a very efficient RNAP, it requires a short specific promoter sequence and it is widely available commercially or easily prepared in-house 18 . Similarly, E. coli replication terminator protein Tus is used for halting transcription by T7 RNAP because it requires a short specific binding site, it halts transcription very efficiently and stably and it is easy to purify recombinantly 19, 20 .
Arguably the biggest limitation of HiTS-RAP is the length of RNA that can be analyzed. Tus protein can efficiently halt a transcribing T7 RNAP regardless of the length of transcription unit up to 1 kb (J.M.T., A.O. and J.T.L., unpublished data). Rather, the limitation is a direct consequence of restrictions imposed by the cluster generation and sequencing on Illumina flowcell. DNA fragments that are longer than 500 bp are poor substrates for cBot and GAIIx instruments. Moreover, as presented, HiTS-RAP performs single-read sequencing, which is limited to 150 nt in length on the GAIIx. Therefore, in its current form, HiTS-RAP is limited to analysis of RNAs that are 150 nt or shorter. However, by incorporating a paired-end sequencing protocol into HiTS-RAP, both ends of a longer genomic fragment could be mapped, which increases the length limit to the 500-nt limit of cluster generation.
Application of HiTS-RAP to proteins that interact with DNA, T7 RNAP, Tus protein or a combination can be complicated, as these interactions will contribute to the observed protein binding. Such interactions will be evident in the recommended preliminary testing of the materials and should not be pursued by HiTS-RAP. However, contributions of these interactions can be measured apart from RNA interaction if two consecutive protein bindings are carried out: (i) under single-round transcription (i.e., CTP depleted transcription of GFP aptamer template) and (ii) after full-length transcription. Proteins exhibiting these complicated interactions might still be useable if excess carrier is added (e.g., excess salmon sperm DNA, T7 RNAP or Tus).
As presented, HiTS-RAP does not measure binding kinetics (on-and off-rates), but it measures binding affinity (K d ). However, as discussed in the 'Alternatives to HiTS-RAP' section below, HiTS-RAP can measure off-rates (on-rates can be calculated from measured K d values and off-rates) with minor modifications to the provided HiTS-RAP recipe.
Despite the good correlation that we observe between binding affinities measured by HiTS-RAP and other methods, HiTS-RAP-measured affinities may not capture the true in-solution binding affinity. HiTS-RAP is susceptible to steric hindrance effects, especially for large proteins, because of surface immobilization of RNAs. As a probable consequence, variations in protein binding at different clusters with the same RNA sequence are observed. Averaging protein-binding intensities at each protein concentration for all clusters with identical sequence and fitting a single K d for a sequence overcomes this issue. In our experience, sequences that have ten or more replicates give a reasonably good estimate of the binding affinity, which limits the throughput of HiTS-RAP (20 million sequences per lane of a GAIIx flowcell can give a maximum of two million K d values).
like a single-round SELEX experiment. Analysis of enriched RNAs is done by high-throughput sequencing. k-mer analysis of enriched sequences can reveal sequence specificity of RBP binding (RNA motifs). A near perfect correlation between RBNS-and surface plasmon resonance (SPR)-measured affinities has been reported (r = 0.933) 21 . However, in light of recent observations from the SELEX field 12 , it is unclear how often and how well the binding affinities would correlate with SELEX-based enrichments. Results reported by Cho et al. 12 suggest that the average affinity of aptamer pools increases with additional rounds of SELEX; however, there is no correlation between abundance of a given aptamer sequence in a given SELEX round and its target binding affinity. In other words, an aptamer with higher multiplicity does not necessarily have higher affinity than a lower-abundance aptamer and vice versa. In addition, k-mer analysis may fall short in deciphering more complex RNA-RBP interactions that involve longer fragments of RNA or depend on RNA structure more than the sequence.
RNA-MaP is conceptually identical to HiTS-RAP, in which sequencing, transcription of RNA-encoding templates and binding of fluorescently labeled protein to RNA transcripts retained on the DNA template are done on an Illumina GAIIx instrument 16 . Protein binding measured at multiple concentrations is then used to calculate binding affinities, similar to HiTS-RAP. However, RNA-MaP and HiTS-RAP differ in various aspects ( Table 1) . Some of these differences are major distinguishing features of each method, and others are minor technical differences that can be interchangeably used in both methods.
A key difference between the two methods is the combination of RNAP and the tethering strategy used. We decided to use T7 RNAP for transcription because it uses a short specific promoter sequence, and it is widely available commercially or easily prepared in-house 18 . However, in our experience, T7 RNAP cannot be efficiently halted by streptavidin bound to the DNA template strand, as also observed by others 22 . Therefore, we used the E. coli replication terminator protein, Tus, for stably halting the transcription by T7 RNAP 19, 20 . The combined action of these two proteins generates RNA transcripts that are stably tethered to the DNA template and thus available for interaction with a target protein, at each DNA cluster on the flowcell.
In general, RNA-MaP uses a host of elegant modifications to the Illumina GAIIx to produce a smaller amount of very high-resolution data, whereas HiTS-RAP uses an unmodified instrument to make a larger number of measurements, albeit with fewer protein concentrations and noisier intensity measurements. The modifications to the regular sequencing protocol that RNAMaP uses, including a separate manual run for protein binding, custom analysis of saved images for protein-binding measurements and necessary modifications to the Illumina GAIIx instrument, are likely to be daunting for most researchers and limit its wide use. However, a few desirable concepts implemented in RNA-MaP can also be adapted to HiTS-RAP, including random barcoding of templates, direct RNA transcript quantification via hybridization of a fluorescent probe (HiTS-RAP uses DNA sequencing signal as a proxy for RNA transcript amount), dye labeling of target protein and measurement of off-rates (k off ). The SNAP-tag used in RNA-MaP is smaller at 20 kDa compared with 30 kDa for the mOrange protein used in HiTS-RAP. In general, small-molecule dyes can be brighter and more photostable than fluorescent proteins. Multiple dyes that are compatible with GAIIx instrument settings can also be purchased or synthesized, which permits multiplex RNA-binding assays to be performed without any modification to the instrument.
Determination of binding kinetics (on-and off-rates) in addition to affinities as done with RNA-MaP is particularly useful for certain RNA-RBP interactions. This was achieved by measuring the off-rate (k off ) and affinity (K d ), and by solving the equation We expect that the larger-scale analysis of RNA-RBP interactions, the relative ease of HiTS-RAP run and analysis, and the lack of required modification to the GAIIx instrument are likely to make HiTS-RAP more adaptable to a broader segment of the research community.
Experimental design
Fusion proteins for HiTS-RAP. The quality of recombinant proteins has a big impact on the quality of HiTS-RAP data. As outlined in the PROCEDURE section, we performed singlestep affinity purification of mOrange-EGFP and GST-Tus fusion proteins using nickel-nitrilotriacetic acid (Ni-NTA)-and glutathione-agarose resins, respectively. Typically, we get >90% full-length protein at >10 µM concentration in these preps. However, some proteins may require additional steps of chromatographic purification to obtain sufficiently pure and concentrated proteins that are suitable for HiTS-RAP.
Accurate quantification of fluorescently labeled target protein concentration is important for HiTS-RAP, as these values are directly used for the calculation of the binding affinity (K d ).
Controlling the amount and activity of other proteins used (i.e., T7 RNAP, GST-Tus and Klenow exo-) is also important for efficient production of halted transcription complex. We typically use the Bradford assay (Bio-Rad) with BSA standards for protein quantification. When possible, we test the activity of the recombinant proteins before HiTS-RAP. For example, we perform gel shifts with known protein-nucleic acid interactions to verify that mOrange fusions are active in binding RNA targets, and that GST-Tus binds the Ter sequence element. We also carry out test reactions for enzymes, such as T7 RNAP and Taq DNA polymerase. mOrange fluorescent protein fusions are used for the detection of target protein in HiTS-RAP, as its excitation and emission properties are compatible with an unmodified GAIIx. However, the slow maturation, large size and weaker fluorescent properties of mOrange are not ideal for K d measurements with HiTS-RAP. Although it is possible to replace the original filter sets installed on the GAIIx to enable the use of other fluorescent proteins, it is technically challenging and the instrument could potentially be damaged in the process. This also necessitates separate sequencing and protein-binding runs on different instruments. Nevertheless, modification of the GAIIx instrument, as has been done in RNA-MaP 13 and elsewhere 24 , is possible and may be beneficial for certain applications. A more practical alternative to mOrange is the use of a fluorescent dye. In general, fluorescent dyes have more desirable properties than fluorescent proteins: they are smaller in size, brighter, more photostable and they provide a larger variety of choices that are compatible with the GAIIx instrument (i.e., Alexa Fluor 532, Atto 532 and Cy3 have mOrange-like excitation and emission spectra), and thus they are likely to improve the detection of protein binding in HiTS-RAP. Strategies for labeling target proteins with small-molecule fluorescent dyes include CLIP-tags, SNAPtags, aldehyde-tags, and amine or thiol coupling 25, 26 . Labeling proteins with spectrally distinguishable fluorescent proteins, dyes or a combination may be used for a multiplex HiTS-RAP assay in which binding of multiple proteins can be analyzed simultaneously in one HiTS-RAP run.
RNA-encoding DNA library. As with proteins (see above), the quality of the DNA templates used for HiTS-RAP is very important. As part of this protocol, we describe steps outlining the preparation of a mutagenized GFP aptamer library for HiTS-RAP, which involves the addition of sequencing adapters and transcription initiation/ halting sites via a multistep PCR process (Fig. 2) . We optimized the number of PCR cycles for each step (optimized conditions are reported in the PROCEDURE section below) and monitored the quality of the PCR product by PAGE. PCR products are purified by using a PCR purification kit or by gel extraction (especially for the final template) to ensure the best quality and sufficient removal of primer dimers and other PCR byproducts. Shorter fragments can easily dominate the flowcell because of better amplification efficiency during cluster generation and as a result diminish the number of full-length templates that can be analyzed.
In this protocol, we use a mutagenized GFP aptamer library that was initially generated by PCR amplification of a single template with ~100 cycles using Taq DNA polymerase 14 . Depending on the purpose (i.e., mutational analysis of a single RNA-single protein or a library of RNAs with a single protein), the choice of DNA polymerase and PCR conditions (e.g., buffer composition, number of PCR cycles) during HiTS-RAP DNA template preparation can be modified to increase or to minimize the rate of PCRintroduced mutations using Taq polymerase under error-prone PCR conditions 27 or high-fidelity Phusion polymerase, respectively. We use home-made Taq for PCR amplification of DNA templates and Pfu-Sso7d (also known as Phusion) polymerase 28, 29 for re-amplification of templates when necessary. Quantification of DNA template concentration, for which we use a Qubit dsDNA high-sensitivity (HS) assay, is also important to get the optimum number of clusters on the flowcell. For HiTS-RAP, we typically use DNA templates at >50 ng/µl that have no detectable contaminating bands when ~250 ng of DNA is loaded on a native polyacrylamide gel and stained with ethidium bromide (EtBr).
The DNA templates, which we have used to date in HiTS-RAP, have been designed for single-read sequencing. However, conceptually it is possible to do paired-end sequencing by incorporating TruSeq or paired-end sequencing oligos into the template design. This would allow analysis of protein interactions with longer RNAs that are derived from the genome or transcriptome. In such a template, the RNA-encoding DNA would be flanked by the two Illumina paired-end sequencing oligos on either end, then by a T7 RNAP promoter or Tus-binding Ter site and finally by the Illumina flowcell adapters. The portion of the Illumina sequencing oligo that becomes part of the transcript can be used to quantify the amount of RNA transcript in each cluster using a fluorescently labeled complementary oligo, as has been done in RNA-MaP 16 . A barcode sequence can be introduced between the T7 RNAP promoter and Illumina sequencing oligo, and it can be read by an index read as part of a multiplex sequencing protocol. This would allow simultaneous processing and analysis of multiple RNA libraries in a single lane of the GAIIx flowcell, and it would minimize experimental differences between the two libraries. This might be particularly useful for analyzing interactions of a protein with RNA libraries prepared from different sources or under different conditions. It may also be useful when analyzing SELEX-enriched aptamer libraries from various rounds or performed under different conditions.
If possible, we recommend the preliminary testing of materials prepared for a HiTS-RAP run in vitro before an actual run. This includes testing the transcription of the template DNA with and without halting through analysis by denaturing PAGE 30 and electrophoretic mobility shift assay (EMSA) 31 . We also recommend the testing of a known RBP interaction by EMSA. The cost and labor associated with the HiTS-RAP assay is large; therefore, it is worth spending some time on these tests to minimize failed experiments. Obtaining a rough estimate of the range of K d being measured is also important for deciding what protein concentrations to use for HiTS-RAP protein-binding steps.
Modifying the .xml recipe for HiTS-RAP run. The .xml recipe used to operate the Illumina GAIIx instrument, provided as Supplementary Software 1, can be modified using a text editor such as Notepad++. A brief description of the .xml code is provided in the Supplementary Tutorial 1. Depending on the userspecific application, two main aspects of the HiTS-RAP recipe may need to be modified. The first is the length of the sequencing run, which can be easily shortened or lengthened by removing or adding sequencing cycles (as shown below) in the protocol section of the recipe, respectively. The provided recipe contains 82 sequencing cycles
The second aspect that may require modification is the number of different protein concentrations used for protein binding. If desired, a larger number of different protein concentrations can be used. This will require a new 'Chemistry' definition that is similar to that of 'TargetBinding16' with the PEM port number adjusted for each additional protein concentration in the 'ChemistryDefinitions' section. In addition, this also calls for the priming of new port(s) and new protein-binding step(s) dictated by the 'ChemistryRef ' and 'Incorporation' commands, respectively, in the protocol section. Alternatively, new 'UserWait' steps could be added to the recipe, and the five refrigerated ports on the PEM can be reused for more protein-binding steps. If DNA binding of the target protein is suspected, this can be tested by performing protein-binding steps just before transcription. This can be achieved by copy-pasting cycles 83-90 of the provided recipe in front of the transcription step in the protocol section. Modified recipes should be placed into the custom recipes folder and tested for any errors by opening with the SCS2.9 software, as described in Supplementary Tutorial 1. Once opened, it is important to read through the steps listed in the SCS software to ensure that the recipe will be implemented by the instrument as intended.
Cluster generation and sequencing. Immobilization of DNA templates on a flowcell and amplification to generate clusters using a cBot instrument is a prerequisite step for the application of HiTS-RAP (Fig. 1) . The older Illumina Cluster Station system could also be used to cluster the flowcell. It should be effective, but it requires much more hands-on time and expertise because these older instruments are not as user-friendly as the cBot instruments. HiTS-RAP starts with sequencing of DNA clusters on the flowcell. A maximum of ~80 million clusters can be sequenced per lane of the GAIIx flowcell; however, for HiTS-RAP assays, we aim for ~20 million clusters per lane to get good separation between neighboring clusters. This generally gives better-quality sequencing and protein-binding data. An Illumina GAIIx flowcell has eight lanes, each of which can be used for a different DNA template. We recommend that one of these lanes be used for PhiX control DNA to ensure high-quality sequencing in all lanes. This should be specified as the control lane when starting the Illumina SCS before a run. Inclusion of a control lane is especially important; if the first few bases read in a library are not very diverse, this will result in the analysis software being unable to generate a suitable base-calling matrix. If possible, we also recommend including one template in each HiTS-RAP experiment that has no affinity for the protein of interest (negative control), and one that represents a well-established target protein-binding RNA (positive control). These can be included in a single control lane or added to other libraries and distinguished on the basis of the sequence of the template or the barcode. Although all eight lanes of the flowcell can be addressed individually on the cBot instrument during cluster generation, the Illumina GAIIx instrument processes all of them simultaneously with the same solutions at any given time. Recently, modifications to the GAIIx instrument that enable individual processing of eight lanes have been published 24 . This could be implemented to perform up to eight HiTS-RAP runs with a single flowcell.
Transcription halting. A Tus-bound Ter site has been shown to halt progression of many DNA and RNA polymerases in one orientation but not in the other 19, 32 . In addition, it is well documented in the literature that an RNAP that has synthesized at least a 9-nt-long transcript is extremely stable when stalled by a physical barrier or by the absence of a ribonucleotide 33, 34 . HiTS-RAP combines these two phenomena to tether RNA transcripts to their DNA templates in each cluster, enabling observation of their interaction with the target protein. Tus's ability to impede progression of T7 RNAP is likely because of its contra-helicase activity 35 , rather than it acting as a simple roadblock. However, E. coli RNAP can be halted by streptavidin bound to a biotin moiety on the template strand of DNA, under single-round transcription conditions, as demonstrated with RNA-MaP 16 .
Protein binding.
To get an accurate measure of binding affinity (K d ), concentrations of the fluorescently labeled protein (used in protein-binding steps of HiTS-RAP) need to be centered around the expected K d . At a minimum, three concentrations below and three concentrations above the K d (total of seven points), each separated in fivefold increments, should be used. For proteins that are known or suspected to bind DNA, contribution of protein binding at each DNA cluster needs to be measured by performing protein binding at the same concentrations without transcription.
Our estimates of the halted transcription complex lifetime is ~72 h, which is sufficient to perform 48 protein-binding steps based on a cycle time of 1.5 h (ref. 14) . Depending on the experiment, the number of binding steps that could be carried out within this time could change. For example, if a slow on-rate were expected, more time would need to be allowed for equilibration before imaging, thus allowing for fewer proteinbinding cycles. Similarly, if only a subset of lanes were used, imaging times would be reduced, thus allowing for more potential binding steps. On the basis of this slow dissociation of the complex, a correction is applied to account for the loss in protein-binding signal, and the corrected values are used for calculation of the binding affinities. We have only carried out runs with at most seven binding steps, meaning that most of the original RNA should still be present at each time point that we image protein binding.
Data analysis.
After a HiTS-RAP run is completed successfully, the run folder will contain a number of files that were created by Illumina's real-time analysis (RTA) software. These files are analyzed to obtain the binding affinity of each RNA sequenced on the flowcell (Fig. 3) . Most notably for the purpose of HiTS-RAP, the RTA analyzes the raw .tif images collected during the run to measure the fluorescence intensity of each cluster. Although the intensity measurements recorded within .cif files are used for base-calling in sequencing, they are also used for measuring protein binding in HiTS-RAP. A set of Perl and Python scripts that were originally developed for HiTS-FLIP 13 (Supplementary Software 2-4) are used to extract binary intensity data from .cif formatted files into a plain text format. Intensities measured in the T channel were used for protein binding, as this channel most closely fits mOrange fluorescence with the least amount of noise. We provide a Python script (Supplementary Software 5) for reading these text files containing the intensity measurements, matching intensities to their sequences and fitting for each unique sequence's K d . A detailed workflow of this pipeline is described in Supplementary Tutorial 1.
Follow-up verification of HiTS-RAP-measured binding affinities.
In our hands, HiTS-RAP-measured binding affinities correlate well with EMSA-measured binding affinities 14 Potential cost-saving measures. Currently, Illumina reagents including the flowcell, cluster generation reagents and sequencing reagents cost around $7,000 to carry out a HiTS-RAP run with 100-nt sequencing using a full flowcell. However, these costs could be spread over several experiments with some modifications to the method. Gravina et al. 24 have published a protocol for using only a subset of lanes on the GAIIx by disconnecting the syringe pump from the other lanes. With this modification, experiments could be carried out one lane at a time, in cases in which only the amount of data generated from a subset of lanes is sufficient for the desired analyses. • Software 1) , or a modified version thereof, needs to be placed in the C:\Ilumina\SCS2.9\DataCollection\bin\ Recipes\Custom folder.  crItIcal Regular maintenance washes are important for ensuring proper reagent delivery on the GAIIx. A maintenance wash flushes water and 1 N NaOH through each port on the instrument (see GAIIx user guide). We typically do a maintenance wash before and after each run. All reagent ports that are used during runs must be washed. Modification of an existing wash .xml recipe (as briefly described in Supplementary Tutorial 1) to include additional ports is necessary, as Illumina's standard wash recipes do not include some of the ports that are used. The wash volumes need to be measured carefully. If the volume is less than expected, measure output from each lane individually. Manual pumping of 1 N NaOH through the system at a slow rate (i.e., 10 ml at a flow rate of 25 µl/min) followed by thorough flush of the system with warm water generally restores proper reagent delivery. Dell Precision T7500 tower workstation (Dell): necessary for operating Illumina GAIIx and saving raw images from GAIIx  crItIcal SCS2.9 (Sequencing Control Software) needs to be installed on Dell T7500 workstation to operate Illumina GAIIx. SCS2.9 can be freely downloaded from http://support.illumina.com/sequencing/downloads.html.  crItIcal The ImageCyclePump config file located under C:\Ilumina\SCS2.9\DataCollection\bin\Config needs to be set to ImageCyclePump On=true AutoDispense = false before starting a HiTS-RAP run. However, the same file needs to be modified to ImageCyclePump On=false AutoDispense = false after the sequencing just before the protein-binding steps of the HiTS-RAP run. Linux workstation: we recommend an Ubuntu system with at least 64 GB of memory for analysis. CentOS or RedHat Linux is necessary for installing the Off-Line Basecaller (OLB) and extracting sequences from the raw base-calling data  crItIcal OLB 1.9.4, used to extract sequence information from .bcl files, needs to be installed on a Linux computer. 
2|
Plate the transformants on an LB-agar plate containing 100 µg/ml ampicillin, and incubate at 37 °C overnight.
3|
On the next day, inoculate 20 ml of LB medium containing 100 µg/ml ampicillin and 34 µg/ml chloramphenicol with a single colony from each transformation.
4|
Incubate the cultures at 37 °C with a shaker at 250 r.p.m. for ~16 h.
5|
On the third day, inoculate 1 liter of LB medium containing 100 µg/ml ampicillin and 34 µg/ml chloramphenicol with 10 ml of each overnight culture.
6|
Incubate the 1-liter culture in a 37 °C shaker until the optical density at 600 nm (OD 600 ) reaches 0.6 (~3 h), as measured by a UV/vis spectrophotometer. 11| Purify the GST-Tus and His 6 -mOrange-protein of interest fusions using glutathione-agarose and Ni-NTA Superflow resins, respectively, according to the manufacturers' protocols.
12| Dialyze the purified protein into 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA and 5 mM β-mercaptoethanol using a 20-kDa MWCO Slide-A-Lyzer dialysis cassette.
13|
Incubate the dialyzed His 6 -mOrange-protein of interest fusion protein at 4 °C for at least 1 week to allow for maturation of the mOrange fluorescent protein. GST-Tus protein does not require any maturation, and it can be stored immediately after dialysis.
14|
Mix both protein preps with an equal volume of 80% (vol/vol) glycerol.  crItIcal step mOrange is light-sensitive, and it should be protected from light.  pause poInt Once it is mixed with glycerol, the purified recombinant proteins can be stored in 0.5-ml aliquots at −80 °C for up to a year.
15|
Check the integrity and purity of the protein preps by SDS-PAGE analysis 41 and Coomassie blue staining 42 .
16| Measure the protein concentration using a standard Bradford assay 43 .  pause poInt Once the quality and concentration of protein preps are determined, the purified recombinant proteins can be stored at −80 °C until you are ready to proceed with HiTS-RAP (up to a year).
preparation of Hits-rap Dna templates • tIMInG 2 d 17| Set up the PCR for amplification of the DNA templates encoding the RNA library of interest. This first PCR will introduce a T7 promoter at the 5′-end of the template DNA and the Illumina sequencing oligo at its 3′-end (Fig. 2) 
19|
Verify the size and proper amplification of the template by running 3 µl of the PCR product and MassRuler DNA ladder on an 8% (wt/vol) native polyacrylamide gel, stain the gel with 1 µg/ml EtBr solution for 10 min at room temperature with shaking and visualize the DNA bands with UV illumination using a GelDoc system.  crItIcal step EtBr is mutagenic and carcinogenic. UV light can cause eye damage, burns on skin and skin cancer. Wear protective gear when you are working with EtBr or UV light.
20|
Purify the PCR-amplified DNA using a PCR purification kit.
21|
Quantify the DNA using the Qubit dsDNA HS assay.  pause poInt The purified DNA can be stored at −20 °C (up to 1 year).
22|
Use the purified DNA from Step 21 as the template to set up a second PCR to introduce an Illumina forward flowcell adapter on the 5′-end and Ter site and an Illumina reverse flowcell adapter on the 3′-end of the DNA template for HiTS-RAP (Fig. 2) . 
24|
Purify the final PCR-amplified template from an 8% (wt/vol) native polyacrylamide gel. Run the PCR on a gel with a large (for PCR product) and a small (for DNA ladder) well.
25| Stain the gel with 1 µg/ml EtBr solution for 10 min at room temperature with shaking.
26|
Quickly excise the DNA bands while visualizing on a long-wavelength UV transilluminator box (365-nm UV). Transfer the gel piece into a 0.6-ml centrifuge tube.
27|
Poke a hole at the bottom of the 0.6-ml tube containing the gel piece with a 21-gauge needle, and insert it into a clean 1.7-ml centrifuge tube.
28|
Crush the gel into fine pieces by centrifuging the two-tube assembly at 13,000g for 1 min at room temperature, which forces the gel piece to go through the needle hole. If there are any remaining gel pieces in the 0.6-ml tube, centrifuge them as before into another clean 1.7-ml tube.
29|
Remove the 0.6-ml tube and soak the gel pieces in 1 ml of 10 mM Tris-Cl (pH 7.5) overnight at 37 °C on a rotator.
30|
Remove the gel pieces using Costar Spin-X centrifuge tube filters.
31|
Clean up DNA by performing phenol/chloroform and chloroform extractions. Mix 1 ml of pH 8.0-buffered phenol/chloroform mix (equal volume to DNA sample) with the DNA sample. Vortex the mixture for 15 s, and centrifuge it for 5 min at room temperature at ≥13,000g. Transfer the aqueous upper layer to a clean tube. Repeat extraction with chloroform.  crItIcal step Phenol is highly toxic. Wear protective gear when handling it.  crItIcal step Carryover of phenol/chloroform could potentially inhibit downstream enzymatic manipulation of the DNA template. To prevent phenol/chloroform carryover, leave a small fraction of the aqueous layer.
32| Split the DNA sample (~900 µl left after extractions) into three tubes (300 µl each). Add 1 µl of 15 µg/µl GlycoBlue to aid precipitation and visualization of DNA, and precipitate the DNA using standard ethanol precipitation.
Resuspend the DNA pellet in 50 µl of 10 mM Tris-Cl pH 8.5, 0.1% (vol/vol) Tween-20 solution.
33| Verify the integrity and the size of the DNA template by running 3 µl of it on an 8% (wt/vol) native polyacrylamide gel.
34|
Measure the DNA concentration using the Qubit dsDNA HS assay. A DNA concentration of 20-50 ng/µl is expected.  pause poInt Once the quality and concentration of DNA template(s) are determined, they can be stored at −20 °C until you are ready to proceed with HiTS-RAP (up to 1 year).
cluster generation on the GaIIx flowcell using the Illumina cBot • tIMInG ~6 h  crItIcal Preparation of Illumina cluster generation is described in the section below; however, the readers are strongly urged to consult the Illumina cBot user guide (see Equipment) for more detailed protocols and critical tips.
35|
Thaw the reagents for cluster generation either in a room-temperature water bath for ~1 h or at 4 °C overnight for a maximum of 16 h. 40| Mix the thawed reagents by inverting a few times, and collect reagents by brief centrifugation. Carefully remove nonpierceable red foil from row 10 of the reagent tray.  crItIcal step This tube strip contains the NaOH solution used for denaturing DNA between amplification cycles, so avoiding spills is crucial.
41| Set up the cluster generation run as described in detail in the cBot user guide. Follow the cBot instructions displayed on the screen with images. For a paired-end flowcell in which custom sequencing primers are to be used (and hybridized on the cBot), select the following protocol: PE_Amp_Lin_Block_TubeStripHyb_v7.0. Importantly, PE indicates a paired-end flowcell (SR, single read), TubeStripHyb indicates that custom primers are being used (Hyb would use the standard sequencing primers included in the cluster generation kit) and v7.0 indicates a Genome Analyzer (GA) flowcell (v8.0 is for the HiSeq flowcell). Perform a prerun wash on the cBot.
42|
Load the reagent plate into the cBot instrument after scanning the reagent barcode. Load and position the GAIIx flowcell after scanning the barcode. Load the manifold matching the GAIIx flowcell and secure the outlet end and the sipper comb of the manifold. Load the DNA templates (and the custom primers if being used) in eight-well strip tubes. When using custom primers for sequencing, load the eight-well tube strip containing 120 µl of 1 µM primer in Illumina hybridization buffer (HT1) in each well into the primer position on the cBot. Close the lid of the cBot.
43| Perform a prerun check.
44| If the prerun check completes successfully, start the run to generate clusters of DNA templates on the flowcell.
45|
When the run is complete, remove the manifold, and then remove the processed flowcell and confirm the successful and even delivery of reagents to individual lanes.
46|
Return the clustered flowcell to the storage buffer within the container that it was shipped in.  pause poInt Clustered flowcells can be stored in the storage buffer at 4 °C for up to 1 month before starting the HiTS-RAP run. If the primer hybridization was already done on the cBot, primer-hybridized flowcells can only be stored for up to 1 week at 4 °C.
47|
Perform a postrun wash of the cBot instrument.  crItIcal step Make sure that there is enough disk space for data storage under D:\DATA folder. A HiTS-RAP run with 82-nt sequencing and protein binding at seven different concentrations can generate upward of 600 GB data (.bcl, .cif and .tif files combined). Additional free disk space is required for uninterrupted real-time data analysis by the RTA software. In addition, make sure that the ImageCyclePump config file is set to ImageCyclePump On=true AutoDispense = false.
49| Perform a prerun wash using a previously used flowcell. Load 10 ml of PW1 solution (Illumina) on positions 1,3 and 6, 40 ml of Milli-Q H 2 O or PW1 solution (TruSeq SBS kit v5-GA box 1) on positions 2,4,5 and 7 of the GAIIx instrument and 5 ml of Milli-Q H 2 O on positions 9-22 of the PEM. Run the GA2-PEM_PreWash_v8.xml recipe to perform a prerun wash. Make sure that 18 ml of solution is collected in the waste container.
50|
Thaw the sequencing reagents from TruSeq SBS kit v5-GA box 2, which includes IMR, LFN, HDP, CLN and SMX. Determine the number of sequencing kits necessary for sequencing; each 36-bp kit provides enough reagents to perform 42 nt sequencing. Thaw IMR, LFN and scan mix (SMX) in a room-temperature water bath for an hour, and keep the remaining reagents at their long-term storage temperature. Thaw CLM in a separate water bath and keep it separated from other reagents at all times. Once thawed, keep the reagents on ice.
51| Mix PR1, PR2 and PR3 solutions from the TruSeq SBS kit v5-GA box by inverting them a few times.
52|
Combine the identical reagents from multiple kits and transfer them into 125-or 150-ml bottles.
53|
Prepare the IMR solution. For each 36-bp kit, transfer IMR into a 175-ml Falcon bottle, add 3.52 ml of LFN and 330 µl of HDP into the IMR solution, mix it by inverting a few times and collect it by centrifugation at 1,000g for 1 min at 4 °C. Keep the IMR/LFN/HDP mix on ice until you are ready to load it onto the GAIIx instrument.
54|
Prepare the SMX solution. Mix the SMX solution by inverting it a few times, and then transfer it into a 175-ml Falcon bottle. Keep the solution on ice until you are ready to load it onto the GAIIx instrument.
55|
Prepare the CLM solution. Mix the CLM solution by inverting it a few times, collect it by centrifugation at 1,000g for 1 min at 4 °C and then transfer the solution into a 175-ml Falcon bottle. Keep the solution on ice until you are ready to load it onto the GAIIx instrument.  crItIcal step Keep the CLM solution away from other reagents at all times, and after handling the CLM reagent always change gloves. CLM solution is used to chemically cleave the dyes from dNTPs incorporated during sequencing, and thus it could inactivate nucleotides even before incorporation during sequencing if mixing occurs.  crItIcal step When using multiple kits, the containers (125-, 150-or 175-ml bottles) may not have enough room to contain the entire reagent necessary for sequencing at once. Therefore, it may be necessary to replenish these reagents at various points during the sequencing (see Illumina GAIIx user guide). UserWait steps can be incorporated into the recipe, to accommodate refilling of reagents before they run out.
56|
Load the reagents onto the GAIIx instrument. Centrifuge the reagent containing bottles at 1,000g for 1 min at 4 °C right before loading. Connect the reagent bottles at appropriate positions. 57| Prime the reagent delivery by running the GA2_Prime_v10.xml recipe. Collect the waste and make sure that the waste volume is 6.4 ml (±10%).
58|
Unload the old flowcell from the instrument.
59|
Clean the prism using 100% methanol and lint-free lens-cleaning tissue, and install the cleaned prism into the GAIIx instrument.
60|
Clean both the bottom and top faces of the processed flowcell, harboring the DNA clusters on its surface (from Step 45), with 100% ethanol using lint-free lens-cleaning tissue.  crItIcal step Do not touch the reagent ports on the top face of the flowcell with the tissue, as this could introduce fibers to the flowcell, and ethanol could disrupt the primers hybridized to clusters. The Illumina GAIIx instrument is a total internal reflection fluorescence (TIRF) microscope at its core. DNA clusters on the flowcell are illuminated from the bottom through the prism and imaged from the top of the flowcell; therefore, it is absolutely important that both surfaces of the flowcell, as well as the angled and flat faces of the prism, are pristine (free of any dust, dirt or oil).
61|
Load the cleaned flowcell. Scan the flowcell ID. Place the flowcell on top of the prism and secure it. Ensure that the flowcell is appropriately seated.
62| Check reagent delivery. Use the Manual Control/Setup tab of the control software to pump 100 µl of PR2 incorporation buffer (position 5) to the flowcell using a 250-µl/min aspiration rate and 2,500 µl/min dispense rate. Visually confirm the flow of liquid in each lane, and make sure that air bubbles are cleared. Check the joint between the flowcell and the front manifold for leaks using a clean, dry lens-cleaning tissue. Measure the volume of liquid dispensed into the waste container; the expected volume is 800 µl (±10%). Repeat this step two more times.
63| Apply ~150 µl of immersion oil with a refractive index of 1.473 between the flowcell and the prism from the left side. Make sure that there are no air bubbles between the flowcell and the prism, and that there is no excess oil on the opposite (right) side of the flowcell. Close the instrument door.
64| Sequencing, dsDNA regeneration, transcription halting and protein binding  crItIcal step The recommended amount of each solution loaded onto the PEM is larger than what is delivered to the flowcell (i.e., ~1.32 ml of a 2.25-ml solution). The difference accounts for priming (~0.5 ml) and ensures that air bubbles are not introduced to the tubing of PEM and the flowcell.  crItIcal step Positions 9-13 on the PEM are chilled (at 4 °C) and thus used for enzyme and protein solutions; the remaining solutions are at room temperature and are used primarily for buffers. If refrigeration is essential, positions 1, 3 and 6 on GAIIx can be used with appropriate modifications to HiTS-RAP recipe.
69|
Resume the HiTS-RAP run. The GAIIx will automatically perform the following reactions in sequence: regenerate dsDNA template, bind Tus protein to dsDNA template and transcribe the template DNA with T7 RNAP. This will generate a halted transcription complex with the RNA transcript being retained on the DNA template for interaction with the protein target.
70|
Once dsDNA regeneration, Tus binding and transcription steps are completed, the recipe pauses and asks the user to load target protein solutions.  crItIcal step The indicated range of protein concentrations (0.04-625 nM), designed for HiTS-RAP analysis of EGFP-GFP aptamer interaction with 5 nM K d , may need to be adjusted higher or lower depending on the known (or expected) affinity of the target protein for the RNAs present on the flowcell.  crItIcal step Positions 9-13 on the PEM are chilled (at 4 °C) and thus used for protein solutions that are used later in a HiTS-RAP run. The room-temperature ports are used first so that the protein solution sits at room temperature for a short amount of time. If additional ports with refrigeration are required, positions 1, 3 and 6 on GAIIx can be used with appropriate modifications to the HiTS-RAP recipe.
71|
Resume the HiTS-RAP run. The GAIIX will image protein binding at each of these concentrations sequentially starting from no protein to 625 nM mOrange-EGFP protein. The data will be recorded automatically.
? trouBlesHootInG
72|
Once the protein-binding steps are completed (the recipe calls for another pause and displays a reminder), unload the reagents from GAIIx and PEM instruments and revert the ImageCyclePump config file to its original form ('ImageCyclePump On=true AutoDispense = false').  crItIcal step If this is not done before the next sequencing run, the modified version of ImageCyclePump config file will prevent the delivery of SMX to the flowcell, which is necessary for proper sequencing.
73| Click OK to complete and terminate the HiTS-RAP run. 75| Perform a maintenance wash, as described in the Illumina GAIIx user guide. If reagent positions used for HiTS-RAP are not washed in the standard protocol, add them in a custom recipe.  pause poInt Once the HiTS-RAP run is complete and the GAIIx instrument is cleaned up, the sequencing and protein-binding data can be transferred to the Linux workstation at any time when the user is ready to proceed with the subsequent data analysis. The location information (lane, tile, x and y) is used to match each cluster's sequence contained within these files with its intensity stored in .cif files. The quality string and pass filter are used to determine whether a read is suitable for inclusion in affinity analyses.
Data retrieval and analysis

79| Extract intensity information from .cif files (Steps 79 and 80).
A Perl script originally written for analysis of HiTS-FLIP data is used to read the binary .cif files, and output intensities with coordinates as tab-delineated text files 13 .
80|
Run the Perl script 'extract_intensity_cif.pl' to convert the intensity information from the binary .cif files into plain text files. For a complete list of options, run the script with no flags using 'perl extract_intensity_cif.pl' . The most important variables to set will be '-intensities_dir', set to the 'path/to//140721_HWUSI-EAS690_00067_FC/Data/Intensities/ path', and '-first_protein_cycle', which provides the cycle number at which to stop recording sequencing intensities and start recording protein-binding intensities. Once executed, the script will output one text file per lane of the form 'L00X_Intensities.txt' . We typically create a directory for the RNA-binding data within the run folder, and carry out all analyses there. Example: perl extract_intensity_cif.pl -intensities_dir path/to//140721_HWUSI-EAS690_00067_FC/Data/Intensities/ -lanes 1-7 -script_path /usr/local/ -first_protein_cycle 51  crItIcal step If the helper scripts 'ExtractIntensitiesFromCIF_T.py' and 'ExtractIntensitiesFromCif_max.py' are not found in the same directory that the 'extract_intensity_cif.pl' script is run in, specify their location using the -script path option. If you are analyzing a subset of lanes, use the flag '-lanes', providing a range of the form '-lanes 1-7' .
81| Solve K d values (Steps 81-83).
At this point, two types of files have been produced, containing sequence and intensity information. These data could be used to solve K d values in any way that the user sees fit. To analyze data using our Python pipeline, perform the following steps.
82|
Edit the input variables at the top of 'HiTS_RAP_Analysis_Pipeline.py' according to the run carried out by following the comments in the script.  crItIcal step The following considerations should be taken into account: first, the pipeline generates several intermediate files. These are helpful for troubleshooting, as the files are large and they may take too long to reproduce many times over. This gives the option of restarting the pipeline in several places, with different functions. Second, we correct for the slow RNA complex decay rate as previously described 14 .
83| Run the pipeline from the terminal: python HiTS_RAP_Analysis_Pipeline.py. This will generate a tab-delimited text file in which each line contains the following information in the given order: the number of reads representing the sequence, the sequence, the average intensity during sequencing, average normalized protein-binding intensities (seven values, one for each protein concentration used), s.d. of the protein-binding intensities (seven), fitted parameters (K d , Hill coefficient, base intensity, maximum intensity) and covariance of each of the fitted parameters (four).
? trouBlesHootInG Troubleshooting advice can be found in table 2. 14 ) are in good agreement with EMSA, fluorescence polarization or isothermal titration calorimetry-measured affinities (5-15 nM for GFP-and 8.5-19 nM for NELF-E-binding aptamers, respectively 44, 45 ). Furthermore, we determined the affinities of over 1,000 point mutants of these aptamers, and thus provided structural insights into each aptamer's interaction with the corresponding protein target. The number of K d measurements that can be made in a single HiTS-RAP experiment depends entirely on the library and the application. We have solved as many as 10,000 dissociation constants from a single lane in experiments with SELEX libraries and mutagenized aptamers. In our experience, HiTS-RAP gives reliable results for sequences represented by as few as five clusters in a lane. With an ideal library (20 million reads per lane), up to ~4 million affinity measurements per lane should be possible. When analyzing targeted libraries with long sequences, approaching this maximum might be difficult. However, for other applications such as k-mer analysis using a longer random library, the number of motifs that can be assessed with a single lane exceeds the number of clusters.
The first step in assessing the success of a HiTS-RAP run is to make sure that the sequencing portion of the run was successful. This can be determined from the run metrics in the Sequencing Analysis Viewer (SAV) software as the run progresses (although some metrics are not available until cycle 25). Favorable run metrics indicate that the instrument is functioning properly. We generally try to reach a cluster density of 200,000-400,000 clusters per mm 2 . Underclustering means that the potential of the assay is underutilized, whereas overclustering results in lower-quality data and lower-pass filter rates. The percent Q30 serves as a measure of overall confidence in base-calling in a lane. In successful runs, at least 85-90% of reads are above Q30. A lower Q30 rate indicates that the instrument is not functioning properly. We have observed lower rates when lanes are overclustered and when the optics of the instrument were not functioning properly. The SAV will also report error rates for lanes containing the PhiX genome control. Error rates are typically low (<1%). It is important to only check the Q30 and error rate values for sequencing cycles and to keep in mind that they begin to drop precipitously with longer reads (past ~75 cycles). Once the protein-binding portion of the HiTS-RAP starts, the aggregate values for these metrics will decrease drastically, as the SCS includes the measurements from these cycles in calculation of the run metrics.
Assessing HiTS-RAP results will depend on the application. When we have applied it to selected aptamer libraries, we expect most sequences assessed to bind to the target protein, whereas in other applications binding could be a rare event. We first look at the intensity measurements reported in the Illumina SAV during protein binding to assess whether protein binding is taking place. With libraries in which the majority of sequences bind the protein, the binding curve can be seen in the T and G channels. If a negative control (or PhiX) lane was included, lack of signal in that lane indicates low background and low nonspecific binding of the labeled protein to DNA and other components of a halted transcription complex (i.e., T7 RNAP and Tus protein).
The results of K d curve fitting, as described in Steps 76-83, will ultimately determine whether the run was successful or not. Low covariances of fitted parameters, Hill coefficients that are close to one, base and maximum values close to the first and last protein-binding intensity measurements and K d values within the range of protein concentrations assayed are all indicators of good fits and thus a successful HiTS-RAP run.
The protein-binding curves used to determine K d values should also be inspected to determine whether a run has worked well and the results obtained from data analysis are consistent. At the lowest protein concentrations, fluorescence intensities of protein binding should be near background, similar to that of the no-protein control. As the protein concentration increases, intensities should also increase. We have found that the higher-intensity measurements generally appear to be noisier than lower-intensity measurements. Systematic shifts in intensity across the lane are also not uncommon. Transition to protein binding is often easily identifiable in raw HiTS-RAP data, but the measurements after that point tend to be noisy. In our most successful runs, we are able to solve reliable K d values ranging three orders of magnitude. Figure 4a shows a series from one such run, in which different sequences, all from the same lane, show low fluorescence in the first few protein concentrations, and then saturate binding at different points. Seeing a range of affinities in one lane is the ultimate indicator of a successful HiTS-RAP run, and that the binding measurements observed are due to real binding, rather than a systematic bias.
Binding curves and the calculated affinities need to be inspected for any peculiarity. Sometimes, the fitting algorithm may fail to find parameters that are a good match for the data (Fig. 4b) : such a fit will usually have a high covariance value. Other times, only one (Fig. 4c) or none (Fig. 4d) In both of these cases, the fitted base is above the maximum, so these measurements should be disregarded. (d) Binding curves from an experiment in which no protein binding is observed. These data are from an experiment in which one or more biochemical steps leading up to the protein binding have failed.
In a-d, protein-binding intensities are the average of all clusters with a given sequence in one lane, and they are normalized by the average sequencing intensity. Error bars represent s.e.m. Error of the K d is the square root of the variance returned by the analysis pipeline.
